8-oxo-7,8-dihydroguanine 5-carboxamido-5-formamido-2-iminohydantoin Spiroiminodihydantoin 5-guanidinohydantoin NEIL DNA glycosylase G-quadruplex A B S T R A C T Reactive oxygen species (ROS) are harnessed by the cell for signaling at the same time as being detrimental to cellular components such as DNA. The genome and transcriptome contain instructions that can alter cellular processes when oxidized. The guanine (G) heterocycle in the nucleotide pool, DNA, or RNA is the base most prone to oxidation. The oxidatively-derived products of G consistently observed in high yields from hydroxyl radical, carbonate radical, or singlet oxygen oxidations under conditions modeling the cellular reducing environment are discussed. The major G base oxidation products are 8-oxo-7,8-dihydroguanine (OG), 5-carboxamido-5-formamido-2-iminohydantoin (2Ih), spiroiminodihydantoin (Sp), and 5-guanidinohydantoin (Gh). The yields of these products show dependency on the oxidant and the reaction context that includes nucleoside, single-stranded DNA (ssDNA), double-stranded DNA (dsDNA), and G-quadruplex DNA (G4-DNA) structures. Upon formation of these products in cells, they are recognized by the DNA glycosylases in the base excision repair (BER) pathway. This review focuses on initiation of BER by the mammalian Nei-like1-3 (NEIL1-3) glycosylases for removal of 2Ih, Sp, and Gh. The unique ability of the human NEILs to initiate removal of the hydantoins in ssDNA, bulge-DNA, bubble-DNA, dsDNA, and G4-DNA is outlined. Additionally, when Gh exists in a G4 DNA found in a gene promoter, NEIL-mediated repair is modulated by the plasticity of the G4-DNA structure provided by additional G-runs flanking the sequence. On the basis of these observations and cellular studies from the literature, the interplay between DNA oxidation and BER to alter gene expression is discussed.
Introduction
Reactive oxygen species (ROS) are electron deficient and readily oxidize most biomolecules. At low concentrations, the ROS hydrogen peroxide (H 2 O 2 ) and peroxynitrite (ONOO − ) are signaling agents harnessed by the cell to guide biological processes [1, 2] . In contrast, when the concentration of H 2 O 2 or ONOO − surpasses their signaling threshold, they promote oxidation of biomolecules, such as proteins, lipids, and particularly, nucleic acids [1, 3] . High levels of ROS released under control in phagocytes provide protection from invading bacteria and viruses [4] ; however, uncontrolled and high levels of ROS breakdown cellular components leading to cancer, neurological disorders, and cardiovascular disease, to name a few [5] [6] [7] . Oxidation of the genome represents a critical location in which oxidatively-derived damage under high levels of ROS can lead to these diseases. The guanine heterocycle (G) is the most electron rich of the four bases, and as a consequence, it has the lowest reduction potential resulting in G nucleotides as major sites of ROS-mediated oxidations [8] . Scientists have unearthed detailed information concerning the ROS-dependent pathways for oxidizing G leading to many products of varying stability [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . On the basis of this information, the G oxidation products can be placed into groups dependent on whether the oxidation occurs at the sugar or heterocyclic base [12] . A product observed in nearly all studies conducted under biologically relevant reaction conditions is the base oxidation product 8-oxo-7,8-dihydroguanine (OG; Scheme 1) [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Furthermore, OG is found in cell extracts and has been identified as a biomarker for monitoring the extent of cellular oxidative stress [28] . Lastly, OG is dramatically more sensitive toward oxidation than is G [29] yielding the hydantoin products spiroiminodihydantoin (Sp) and 5-guanidinohydantoin (Gh) [30] [31] [32] , and these products also result from direct 4-electron oxidation of G [33, 34] . The present review will briefly summarize the reaction conditions leading to OG, Sp, and Gh. Additionally, work to establish the possible importance of 5-carboxamido-5-formamido-2-iminohydantoin (2Ih) in cellular oxidations will be described. A detailed analysis of the mechanisms and intermediates leading to these products will not be provided and can be found in other reviews [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . The picture of a static B-form helical genome that simply holds the cellular blueprint has emerged as incomplete. Genomes are rich in regulatory chemical modifications, and DNA adopts other secondary structures beyond B-form helices. Mounting evidence supports hairpin [35] , A-form [36] , Z-form [37] , triple helix [38] , Holliday junction [39] , i-motif [40] , and G-quadruplex (G4) [41] structures having the capability to form in genomes. Therefore, this review will cover the current state of our knowledge regarding how some of these various structural contexts impact G oxidation, leading to a discussion of knowledge gaps in the literature on this topic.
Oxidatively-derived damage to DNA, if left unrepaired, would be detrimental to cellular survival because the distorted blueprint would be incapable of providing proper instructions to the cell. To maintain a complete set of instructions, biology has evolved a DNA repair system to fix damaged nucleotides. The importance of DNA repair mechanisms was highlighted in 2015 when Tomas Lindahl, Paul Modrich, and Aziz Sancar shared the Nobel Prize in Chemistry for their work on this topic. With regard to repair of G-base oxidation products, both the base excision repair (BER) and nucleotide excision repair (NER) pathways are invoked [42] [43] [44] [45] . This review will focus on BER repair of G-base oxidation products by the three members of the NEIL DNA glycosylase family, ending with a focus on repair in structural contexts beyond Bform helices. The literature summary presented will guide a discussion on recent cellular studies hypothesizing how G oxidation and its repair may serve as a signaling pathway in cells, beyond constituting unwanted damage that must be removed and corrected.
ROS formed in the cellular context
Oxidative phosphorylation is a metabolic pathway for generation of energy that occurs in the mitochondria of eukaryotic organisms. This metabolic pathway represents a controlled redox chain for reduction of the strong oxidant O 2 by four electrons to H 2 O, while generating a proton gradient to synthesize ATP. Under ideal conditions, O 2 is reduced to H 2 O; however, partial reduction of O 2 yielding superoxide (O 2
•− ) occurs in a~0.1-2% yield depending on the cellular state [46] . The O 2
•− formed exists in low picomolar concentrations and has ã 1 µs half-life [1] . The major pathway for removal of O 2
•− in cells is Scheme 1. Overview of G oxidation products and the extent to which each was oxidized leading to their formation. The products inside the dashed boxes are the main focus of this review because they are the best substrates for the hNEIL glycosylases (2Ih, Sp, or Gh) or a key precursor to these products (OG). conversion to H 2 O 2 by superoxide dismutase (SOD, Fig. 1A Reaction 1 ) [1] . The H 2 O 2 formed upon dismutation has a cellular half-life of 10 µs due to its removal by catalases and peroxidases [1] . The concentration of H 2 O 2 is~200 nM under normal conditions that increases to low micromolar concentrations under oxidative stress [1] . The half-life for H 2 O 2 is sufficiently long to allow intracellular and intercellular diffusion because it readily passes through membranes. Neither O 2
•− (E red =0.94 V vs. NHE) nor H 2 O 2 (E red =0.32 V vs. NHE) are strong oxidants, although they both lead to generation of HO • (E red =2.31 V vs. NHE), a potent one-electron oxidant (Fig. 1B ) [1] .
Generation of HO
• from H 2 O 2 generally occurs by the iron-or coppermediated Fenton reactions ( Fig. 1A Reaction 2 ; only an example with iron is provided) [12] . In cells, iron and copper are tightly regulated and guarded from reaction under normal physiological states, but they become deregulated under conditions of oxidative stress [47] . O 2 can be generated by photoexcitation of a chromophore (i.e., sensitizer) followed by energy transfer to O 2 in a process known as Type II photochemistry [52] . Chromophores found within cells and capable of Type II photochemistry include flavins, porphyrins, cytochromes, and 4-thiouridine, and this list extends to a number of drugs and photosensitizers used in photodynamic therapies (e.g., tetracycline, quinine, haematoporphyrin, chlorins, etc.) [52] . Another pathway for cellular generation of 1 In general, production of ROS in cells is a rare event, tightly controlled by a number of mechanisms, for example, the enzymes SOD and catalase as well as small-molecule antioxidants. The latter reductants include glutathione (GSH) and ascorbate (Asc) for deactivation of ROS to protect cells [54] . The oxidations of G described next focus on the roles that Asc or the GSH mimic N-acetylcysteine (NAC) provide in defining the observed oxidation products.
Products resulting from oxidation of G
The G heterocycle has a reduction potential of 1.29 V vs. NHE, a value lowest amongst the four standard DNA bases (Fig. 1B) [8] . Consequently, G is the most labile toward ROS-mediated oxidation in the genome. Numerous studies have reported exposure of G in many contexts to the ROS mentioned above leading to products resulting from base and sugar oxidation. Oxidation of the sugar on G nucleotides leads to strand breaks that can be lethal if not repaired. Sugar oxidation in DNA has been reviewed by Dedon [23] and Tullius and coworker [55] , and therefore, these products will not be further described; additionally, sugar oxidation products are not established substrates for BER initiated by the NEIL glycosylases. Experiments to identify G-base oxidation products found the yields depend on the nature of the ROS, the reaction conditions, and the structural context in which the guanine is located [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . The G heterocycle is susceptible to two-, four-, and six-electron oxidations (Scheme 1) [11] . Oxidation of G can occur in a stepwise, one-electron fashion or a direct four-electron oxidation.
A base damage product of G observed during some oxidations that is not formally an oxidized product is 2,6-diamino-4-hydroxy-5-formamidopyrimidine (Fapy-G) resulting from formal hydrolysis of the imidazole ring of G (Scheme 1) [19, 26, 27] . Formation of Fapy-G is promoted under anaerobic oxidative conditions. Upon two-electron oxidation of the G heterocycle, the products OG or 2Ih have been identified, while four-electron oxidation of G yields Sp, Gh, 2,5-diaminoimidazolone (Iz) and its hydrolysis product 2,2,4-triamino-2H-oxazol-5-one (Z) (Scheme 1). The hydantoin compounds Sp and Gh more typically result from oxidation of OG as an intermediate (Scheme 1), because OG has a much lower reduction potential than G (OG=0.74 V and G=1.29 V, both vs. NHE) (Fig. 1B) [8, 29] . The 0.55 V difference in potential between G and OG translates to a ΔG=−12.7 kcal/mol favorability in OG oxidation. The hydantoins can also form directly from G (Scheme 1), as described below. Recently, our laboratory demonstrated that Gh is in a pH-dependent equilibrium with its constitutional isomer iminoallantoin (Ia, Scheme 1) [56] , supporting a past hypothesis of ours [32] . Lastly, six-electron oxidation of G yields oxidized 5-guanidinohydantoin (Gh ox , Scheme 1) that has limited stability and decomposes through several intermediates to yield a 2′-deoxyribosyl-urea lesion [16] . The formation of Gh ox during one-electron oxidation reactions results from Gh having a low standard reduction potential of~1.0 V vs. NHE (Fig. 1B) [32] . Further oxidation of Ia to Ia ox also can occur (Scheme 1) [32] . Because oxidations are a rare event, it is anticipated that six-electron oxidation of G would be very uncommon in cells, and the appearance of such products in model reactions results from over oxidation of the samples; therefore, these six-electron oxidation products will not be described further.
The oxidation products Sp, Gh, Ia, and 2Ih have been the most challenging to detect chromatographically because they are very hydrophilic, causing them to be easily overlooked. Furthermore, Sp, Gh, Ia, and 2Ih nucleosides are generated as pairs of diastereomers, and each of them elutes from an HPLC column as two peaks [33, [56] [57] [58] [59] [60] . Additionally, the pH-dependent isomerization between Gh and Ia dramatically impacts the elution time of these isomers and must be considered during product analysis [56] . The following text describes the products of G oxidation observed when each of the cellular ROS was the oxidant with a focus on how the reaction context and the presence of physiologically relevant amounts of reductant impacts the products observed.
4. Key products, reaction sites, and context effects when G is oxidized by HO
•
The most potent ROS, HO
• , is generated in its free form via radiolysis of water by γ-rays or X-rays, as well as by the iron-mediated Fenton reaction [48, 61] . In contrast, the copper-mediated Fenton reaction most likely yields a metal-bound HO • impacting its reactivity [62] . Early product profiles found free, HO
• -mediated oxidations of G yielded OG and Fapy-G (Scheme 2) [63] [64] [65] [66] , in which OG was observed under aerobic conditions and Fapy-G was observed under anaerobic, reducing conditions. An additional mechanism for the formation of OG by HO • is oxidation of a 5′ or 3′ pyrimidine adjacent to a G nucleotide to yield a pyrimidine peroxyl radical that degrades to yield OG and a damaged pyrimidine tandem lesion [67] [68] [69] . Recent work in our laboratory using HPLC methods that allowed a more complete analysis of the products found 2Ih as the major product during HO • oxidations in the nucleoside context [62, 70] . The HO • was generated by the iron-or coppermediated Fenton reaction, as well as via X-ray radiolysis of water under aerobic reactions in the presence of physiological amounts of Asc (1-3 mM) or NAC (1-5 mM; Scheme 2). In our studies and others [65, 66, 70, 71] , Fapy-G was only observed in the complete absence of O 2 . Thorough reviews on Fapy-G formation have been written by Dizdaroglu [27] , Greenberg [19] , and Tudek [26] , thus, we guide the reader to these resources for more information regarding Fapy-G. Lastly, minor products observed in the G oxidations by HO • were Z and Iz (Scheme 1) [62, 70, 72] . The OG formed during these oxidations is very stable, but it is susceptible to further oxidation to yield the hydantoins Sp or Gh ( Fig. 1B and Scheme 2) [30] [31] [32] 50, [73] [74] [75] [76] [77] . In nucleoside studies, Sp is formed during HO • -mediated oxidations, an observation consistent across many laboratories [62, 70, 78, 79] . In vitro oxidation of G nucleoside aids in identification of how cellular ROS would impact nucleotide and nucleoside pools. These studies support 2Ih and OG as the major HO • -generated G oxidation products to be found in cellular nucleotide pools, along with lower yields of the OG oxidation product Sp (Fig. 2) .
Mechanistically, HO
• can add to the G heterocycle at either the C5 or C8 carbon and, upon transfer of a proton and electron, yield C5 or C8 hydroxy derivatives of G, respectively (5-HO-G or 8-HO-G, Scheme 2). Next, 5-HO-G reacts via a 1,2-acyl shift followed by hydrolytic ring opening of the sugar bound 5-membered ring to yield 2Ih. The mechanism of direct formation of 2Ih from G was proposed by our laboratory [62, 70] and by Meunier, Pratviel, and coworkers [11, 80] . The 2Ih structure was determined by multi-dimensional NMR in the Ball laboratory [81] . As for 8-HO-G, a tautomerization to the thermodynamically stable 8-oxo-7,8-dihydroguanine (OG) occurs [82] . These two mechanisms best explain 2Ih and OG as the major HO • oxidation products of G (Scheme 2). The mechanism for Fapy-G formation was proposed to occur from reduction of the 8-HO-G • intermediate followed by opening of the imidazole ring under anaerobic conditions (Scheme 2). The nucleoside studies provide a solid footing for extending oxidation product analysis to contexts of increasing complexity, such as single-stranded DNA (ssDNA) and double-stranded DNA (dsDNA). Product analysis in these contexts occurs by oxidation of small oligomers with a single reactive site followed by direct mass spectrometric analysis [72] , or the DNA is digested with nucleases and a phosphatase to liberate the nucleosides for analysis by HPLC coupled to a mass spectrometer (LC-MS) [83] . One concern with nuclease digestion is whether the efficiency of digesting damaged nucleosides from DNA is great enough to allow quantification of each lesion. This limitation requires a good understanding of the nuclease digestion kinetics for the lesions [84, 85] . An additional method to liberate DNA bases from the polymer utilizes a harsh chemical hydrolysis procedure [27] . This approach has been demonstrated to significantly over estimate the oxidation product yields due to artifactual oxidation of the G nucleosides during the derivatization steps [86] [87] [88] . The yields of OG and Fapy-G have been demonstrated to be highly over estimated by GC-MS methods [89, 90] . Consequently, the European Standards Committee on Oxidative DNA Damage (ESCODD) established protocols that verified the use of enzymatic methods followed by LC-MS/MS, or in the unique case of OG, LC with an electrochemical detector (ECD) [28] , as the best approaches for quantification of lesions from DNA. The analytical methods and concerns with artifactual formation of lesions during the derivatization steps for GC-MS have been reviewed and will not be further discussed [89, 90] . When HO • -mediated oxidation of G was studied in ssDNA and dsDNA contexts, the products modestly changed relative to the nucleoside studies (Fig. 2) . The early analyses with GC-MS methods identified OG and Fapy-G as major products of the oxidation with the same O 2 and reducing agent dependency in their yields [64] , as previously discussed in the nucleoside context. In contrast, LC-MS or LC-ECD methods observed OG to dominate under aerobic conditions [63, 65] . Studies in the Cadet laboratory utilizing LC-MS/MS to quantify OG and Fapy-G in radiation exposed cells found similar amounts of the two products at low radiation flux and greater amounts of Fapy-G at very high radiation exposure [91, 92] . When product analysis was more complete after nuclease digestion, 2Ih and OG were found to be the major two-electron oxidation products observed from iron-and copper-Fenton chemistry, as well as from X-ray radiolysis of water under aerobic reducing conditions [62, 70] . In the DNA contexts, OG can be further oxidized to Sp and Gh, in which the Sp yield is maximal in ssDNA and the Gh yield is maximal in dsDNA (Scheme 2) [62, 70, 77] . Product analysis from these contexts revealed Z and Iz in low overall yields in our studies and others [62, 70, 93] . In addition to these base-oxidation products, lower yields of sugar oxidation occur under aerobic, reducing conditions [62, 70] . This supports a previous observation that reducing agents, such as Asc or NAC at physiologically relevant concentrations, repair oxidized sugars before they can further react to cause strand breaks [94] . Lastly, HO
• -mediated oxidations in DNA contexts have revealed cross-links between oxidized G and neighboring nucleotides with the yields varying depending on the conditions [9, 95, 96] . A study from our laboratory oxidized the G4 that folds from the human telomere repeat sequence (5′-TTAGGG-3′) n with HO • generated by the copper-Fenton reaction with NAC present under aerobic conditions [97] . In the telomeric G4 context, 2Ih, OG, and Sp were the products observed. These studies support the conclusion that 2Ih and OG would be the major products resulting from G oxidation by HO • in all DNA contexts and further oxidation of OG would yield lower amounts of Sp in ssDNA and G4 DNA, or Gh in dsDNA (Fig. 2) . Hydroxyl radical is a potent and short-lived oxidant that shows very little discrimination in the site of oxidation. This is best exemplified in the work conducted in ssDNA demonstrating nearly equal oxidation at all G nucleotides by HO
• generated with iron-Fenton chemistry or water radiolysis [70, 98] . Closer inspection of HO • -mediated G oxidation in dsDNA shows a very modest preference for oxidation of the 5′ G in the sequence context 5′-GG-3′ [99] . The preference for one-electron oxidation of the 5′ most G in 5′-GG-3′ sequence contexts results from a decrease in the ionization potential of the 5′ G due to π stacking in the dsDNA context, first described by Saito, et al. [100] . In DNA duplexes, π stacking allows oxidation at a remote site to induce chemistry at a distance because electron holes migrate through the duplex. When oxidation occurs by this pathway, G oxidation occurs at the 5′ G in 5′-GG-3′ or 5′-GGG-3′ sequence contexts, a property of DNA experimentally well validated by the Barton and Schuster laboratories [101, 102] . The modest preference for 5′ G oxidation with HO • is likely due to the fact that the principal reaction of HO • is addition to C5 or C8 of G rather than abstraction of an electron. The formation of guanine radical cation (G •+ ) has been invoked by a mechanism in which HO • adds and then HO -(or its conjugate acid, H 2 O) departs to generate G •+ allowing hole migration to a reactive G site [103] . When HO • was generated by copper-mediated Fenton chemistry, nearly equal reactivity at all Gs in ssDNA, dsDNA, nucleosomal, and G4 contexts was observed ( Fig. 2 ) [62, 97, 104] . This observation was attributed to indiscriminate copper coordination with N7 of G eliminating any sequence effects on the oxidation. For this reason, Fenton oxidation of DNA is modulated by the nature of the redox-active transition metal. Lastly, HO
• oxidation of G runs in model nucleosomes produced the greatest extent of reactivity at G runs directed outward, away from protection by the nucleosome core proteins [105] , demonstrating histone proteins can protect Gs from oxidation. Thus, HO
• readily oxidizes most G nucleotides with a slight preference for 5′ Gs in 5′-GG-3′ sequence contexts; however, this is dependent on how HO • was generated.
Key products, reaction sites, and context effects when G is oxidized by CO 3 •− and one-electron oxidants
Details obtained from the HO • -mediated oxidation studies guide a discussion of how G oxidation differs when CO 3 •− is the oxidant. The dominant pathway of CO 3
•− -mediated oxidation occurs on the G heterocycle to yield OG when a low radical flux is used [106] . This oxidation occurs via one-electron abstraction from G by the radical to yield a G •+ that rapidly deprotonates (pK a~3 .9) to the neutral radical (G • ) [107] . The neutral radical couples with other radicals such as O 2
•− , or with CO 3
•− at either the C5 or C8 carbon (Scheme 3) [108] . At present, regardless of the radical that couples, the products are generally the same, therefore, only chemistry with O 2 •− will be described because it applies to one-electron oxidants other than CO 3
•−
. Radical addition of O 2 •− at C8 plus addition of a proton yields 8-HOO-G that in the presence of reductant is reduced to 8-HO-G followed by tautomerization to OG (Scheme 3). When • that has been experimentally observed and computationally studied (Scheme 3) [109, 110] . These pathways have been supported computationally by work in the Schlegel laboratory [111, 112] . In summary, OG is the major product formed and 2Ih can form in a similar yield under the few conditions studied so far with physiologically relevant amounts of reductant present. The OG thus formed is subject to a second two-electron oxidation to yield Sp and Gh (Scheme 3) [73, 76] . The oxidation sequence from G to OG to Sp and Gh dominates CO 3 •− oxidations in the nucleoside, ssDNA, dsDNA, and G4 contexts (Fig. 2) [51, 97, 113] . The main difference observed in the context dependency of product formation resides in the relative yields of Sp and Gh. The product Sp dominates in nucleoside, ssDNA, and G4 contexts, while the Gh yield is maximal in dsDNA contexts (Fig. 2) . A recent estimate placed the base reaction dominating over sugar oxidation by > 2000-fold supporting the base oxidation chemistry described as the mode of CO 3
•− oxidation of G [114] .
When OG is formed in dsDNA, polymerase bypass of a template OG results in insertion of either A or C nucleotides opposite the damaged site [115] . This is a consequence of the energetic preference of OG for the syn configuration allowing Hoogsteen base pairing between OG and A. In our laboratory, dsDNAs with either an OG base paired with an A or C were oxidized with CO 3
•− to find OG:C exclusively yields Gh while OG:A yields Sp and Gh in a 1:3 ratio, respectively [73] . The Geacintov and Shafirovich laboratories uncovered a characteristic cross-link formed during CO 3
•− oxidations between G and T in the DNA sequence contexts 5′-GCT-3′ and 5′-TCG-3′ (underlined nucleotides form the cross-link) [116] . In cells, CO 3
•− is generated in tandem with the weaker one-electron oxidant
• NO 2 formed is incapable of oxidizing G nucleotides, but it can radical couple with oxidized G to yield 8-nitroguanine or 5-guanidino-4-nitroimidazole [50] . These products will not be further discussed as their kinetic properties with respect to DNA BER repair have not been extensively evaluated. The • NO 2 formed can also oxidize OG nucleotides to yield Sp and Gh [50] .
Lastly, oxidation of G by a high flux of CO 3 •− can yield 2Ih in ssDNA;
however, 2Ih formation in other DNA contexts post CO 3
•− oxidation has yet to be determined (Fig. 2) [106, 117] . Characteristic G oxidation products resulting from CO 3 •− oxidations include OG, Sp, and Gh, depending on the context of the reaction, and as more studies are conducted, 2Ih might be revealed as a major product in future studies.
In the context of dsDNA, CO 3
•− oxidizes G with a strong sequence dependency on the reaction rate. Oxidation of G is biased toward 5′ Gs in the sequence context 5′-GG-3′ and 5′-GGG-3′ (bold=reactive Gs), similar to that observed for HO • ; however, the bias is much stronger for CO 3 •− (Fig. 2 ) [118] . The greater bias to oxidation at 5′ Gs in G runs results from CO 3
•− favoring reaction channels that yield G •+ allowing electron hole migration through the DNA π stack. Additionally, CO 3
•− -mediated oxidation of nucleosomal DNA with G runs indicated 5′ G oxidation in G runs regardless of whether the Gs were protected by the nucleosomal proteins, a contrasting observation in comparison to HO
• -mediated oxidation [105] . Again, this supports oxidation of DNA at a distance followed by electron hole migration to the most reactive 5′ G of a G run. When OG is in dsDNA, there does not appear to be a strong sequence dependency in its further oxidation by CO 3
•− [119] . In the G4 that folds from the human telomere repeat sequence (5′-TTAGGG-3′) n , the 5′ most G of 5′-GGG-3′ runs is susceptible to CO 3
•− oxidation, while the middle and 3′ Gs are protected [97] . Additionally, the G4 that folds in the VEGF promoter yields oxidation at G nucleotides in loop positions in addition to the 5′ most G of the G-quadruplex core-forming G runs ( Fig. 2 ) [113] . Using these studies, a hypothesis of likely locations and products for CO 3
•− -mediated oxidation of G can be formulated. In ssDNA regions of replication and transcription bubbles, G can be oxidized without sequence preference to OG and Sp, while in dsDNA oxidation of G will occur at 5′ Gs in G runs to yield OG and preferentially Gh. Oxidation of G4 folds will yield damage at loop Gs and the 5′ most G of core G runs to yield OG and Sp (Fig. 2) . Because long-range electron transfer can occur when CO 3
•− is the oxidant, both open and compact regions of the genome could be subject to this form of damage.
6. Key products, reaction sites, and context effects when G is oxidized by
The path to understanding G oxidation by 1 O 2 has led to many challenges in determination of the products observed and their mechanisms of formation [120, 121] . The mechanism by which G is oxidized via ) [52] . The Foote laboratory conducted oxidations with a photooxidant and monitored the intermediates and products by 1D-and 2D-NMR to propose the leading mechanism [125] . On the basis of the NMR results, [ [127] [128] [129] . From these studies, OG, Sp, and Gh are the products observed in nucleosides under modeled reducing conditions found in cells, and they are the only substrates studied with the hNEIL glycosylases; therefore, they will remain the focus of this review. Rose Bengal is a high quantum yield Type II photosensitizer with a minimal amount of Type I photochemical side reactions [52] . Utility of Rose Bengal to generate 1 O 2 readily oxidizes G nucleotides in the ssDNA context and poorly oxidizes G nucleotides in the dsDNA context (Fig. 2 ) [97, 130] . This observation is consistent with the mechanism of oxidation because π stacking around G in dsDNA sterically blocks 1 [130] . Lastly, G4 contexts show G oxidation on all G nucleotides in the exterior tetrads [97] . To mitigate the inconsistent chemistry with photooxidants, Cadet and coworkers synthesized a naphthalene endoperoxide that generates a clean source of 1 O 2 upon thermal decomposition [131] . First, they used the endoperoxide to oxidize calf thymus DNA with 1 O 2 and found OG as a product [132] ; however, this study did not look for hydantoin products (i.e., Gh or Sp). In a second set of studies, they used the endoperoxide to understand 1 O 2 oxidation of cellular DNA, in which OG was the observed product [133, 134] . In the second set of studies the analytical method could detect Sp (i.e., 4-hydroxy-8-oxo-4,8-dihydro-2′-deoxyguanosine, the structure of Sp was incorrectly assigned by this laboratory when these studies were conducted and has since been shown to be the spirocyclic compound [30, 31, 135, 136] ) but it was not found. Cellular DNA resides in many structural contexts impacting the G oxidation observed, in which the most reactive contexts are ssDNA and G4-DNA that might be the locations the OG was formed in cells by 1 O 2 .
Additional contexts and reaction partners of G studied under oxidative conditions
Inside cells, G nucleotides exist in other contexts such as A-form duplexes, Z-form duplexes, Holliday junctions, i-motifs, and hairpins. Like B-form DNA duplexes, A-form and Z-form duplexes allow electron hole migration to affect initiation of oxidation at one site followed by chemical modification of G at a distance [101] . Interestingly, G oxidation products resulting from such chemistry in A-and Z-duplex forms have not been evaluated by nuclease digestion followed with LC-MS analysis. Hairpin DNA has the potential to place G in duplex and single-stranded contexts, in which oxidation by the ROS mentioned should yield the same products in each of these contexts as described; however, these studies have not been systematically undertaken. The key difference is likely to be the relative reactivity of G in these contexts favoring single-stranded oxidations by > 100-fold [73] . The core of imotif folds is comprised of C + :C base pairs built from runs of contiguous Cs in a sequence that occurs in complementary strands to G4 sequences [137] . Oxidation of G in the G4 context is expected to dominate in this situation, although i-motif folds can place Gs in highly reactive loop positions to bias the strand reactivity when these structures are present. This effect on G oxidation has yet to be evaluated. Finally, G oxidation in RNA represents a frontier in which systematic studies to evaluate reactivity, reaction sites, and products have not been as thoroughly conducted as those in DNA. Studies to monitor cellular excretion of OG from DNA or RNA observe up to~3-fold more OG in RNA than DNA supporting high levels of RNA oxidation in vivo [138] . Reports from our laboratory [139, 140] , Pratviel and coworkers [141] , and Thorp and coworkers [142] have described RNA oxidation in various contexts. The recent work by Pratviel and coworkers analyzed G oxidation by a manganese porphyrin complex and KHSO 5 in model anticodon tRNA stem-loops to identify the oxidation product Sp [141] . We found 1 O 2 oxidation of G in ssRNA can yield Sp or Gh in a pH-dependent reaction [140] , and a nickel macrocycle to activate the oxidant KHSO 5 yields 2Ih [140] . Because RNA adopts many different structural motifs (i.e., pseudoknots, bulges, etc.), studies in these contexts may present new patterns of reactivity not observed in DNA. The products will likely remain the same; however, this has not been thoroughly studied.
The products described to this point result from radical G intermediates reacting with either, O 2
•− CO 3
•− , or electrophilic G oxidation intermediates reacting with H 2 O as a nucleophile. Genomic DNA intimately interacts with many other possible reaction partners, such as polyamines and protein side chains. The polyamines spermine and spermidine exist at millimolar concentrations in cells and closely interact with genomic DNA [143] . The primary amines in the polyamines and lysine residues in proteins such as histones are excellent nucleophiles for reacting with electrophilic G oxidation intermediates [144] [145] [146] [147] [148] [149] [150] . When primary amines form adducts with G or OG during oxidation, products are formed that must be repaired [45] . This is the focus of other reviews in this special issue, and therefore, we guide the reader to these reviews for more information on repair of amine adducts to DNA.
Products of G oxidation are mutagenic on the basis of cellular studies
The reports described so far have mostly examined G oxidation in vitro. A number of studies have quantified G oxidation products from cellular sources after nuclease digestion using HPLC coupled to a tandem mass spectrometer [83] . In early work, OG was the principal product identified, and its concentration generally showed a strong positive correlation with the extent of oxidative stress [83, 151] . In light of more exhaustive in vitro studies like the ones described above, a deeper inspection of genomic DNA for lesions beyond OG was conducted. Sp was first found in prokaryotic cells exposed to chromate with a dose dependency in Sp formation [152] . Next, Sp and Gh were detected in livers and colons of mice with chronic inflammation, and they both showed a correlation with disease progression [151] . The hydantoins were found at concentrations~100-fold lower than OG in the mouse studies. Ia was not detected, but the analytical conditions were not conducive to finding it. Importantly, if the nuclease digestion to detect the lesions is performed at high pH, the conversion of Gh to Ia leads to a loss of Gh without concomitant detection of Ia. When livers of diabetic rats were analyzed they found OG and Z to show a positive correlation with the initial extent of the disease [153] . This study found Z to exist~40-fold lower than OG with a modest correlation to diabetes. Because OG is always observed in higher concentrations, it is regarded as a good indicator for monitoring cellular oxidative stress. In light of recent in vitro oxidations of G to yield 2Ih in greater levels than OG [62, 154] , 2Ih may exist in cells at high levels; however, in cellulo studies to detect 2Ih have yet to be reported.
Lesions resulting from G oxidation in DNA are sources of mutations when polymerases bypass them in template strands. As stated above, OG can base pair with A via its Hoogsteen face, allowing polymerases to insert either dATP or dCTP opposite a template OG [115] . The ratio of dATP vs. dCTP inserted opposite OG is polymerase dependent with ratios of the two nucleotides around 1:1 for pol δ and pol η and can favor dATP insertion by nearly 200-fold for pol α [115, 155] . If repair does not occur [43] , a second round of polymerase bypass through an OG:A base pair causes insertion of dTTP opposite A, leading to a T in the position previously occupied by G (i.e., G→T transversion). The potential for OG to cause G→T transversion mutations has been verified in vivo by the restriction endonuclease and post-labeling (REAP) assay [156] . Transversions induced by OG were observed in a 3% yield, supporting the modest mutagenic potential of OG. When Sp or Gh resides in the template strand, insertion of dATP or dGTP is favored, ultimately causing G→T or G→C transversion mutations [56, 157, 158] , respectively. Studies to inspect Sp and Gh mutational profiles by the REAP assay verified their ability to cause transversion mutations iñ 100% yield [156, 159, 160] . The results indicated that the Sp base stereochemistry impacted the ratio of G→T and G→C transversions. The REAP assay with Gh identified a strong preference for G→C transversion that is hard to chemically rationalize by the base pairing potential of Gh. Recently, we verified a previous hypothesis of ours [32] that Gh can isomerize to iminoallantoin (Ia), and demonstrated that iminoallantoin base pairs with dGTP ultimately causing G→C transversions [56] . Whether isomerization of Gh to Ia occurs in cells to induce the G→C transversions observed in the REAP assay is not currently known.
When 2Ih is in the template strand, dATP or dGTP are inserted opposite the lesion by a polymerase in vitro with a preference for dGTP [154] . Verification of 2Ih causing mutations in cellulo by the REAP assay consistent with the in vitro studies has yet to be conducted. Lastly, a templating Z lesion when bypassed by a polymerase allows insertion of mainly dATP leading to G→T transversion mutations [161] . Cellular studies using the REAP assay verified the in vitro results in which Z preferentially induces G→T transversions~95% of the time [159] . Besides OG, the other G-derived lesions are nearly~100% mutagenic causing G→T or G→C transversion mutations. These mutational profiles exist at high frequency in cancers established to result from oxidative stress [162] . Yet, the actual source of these mutations remains unknown. To evade these potential mutational pathways resulting from G oxidation products, a DNA repair system comprised of BER and NER pathways exists.
The relative reactivity of the nucleotide pool toward oxidation can be > 6000-fold more prevalent than oxidations in the genome [73] . Oxidations in these contexts would yield the nucleotide triphosphates of OG, Sp, and 2Ih, on the basis of the discussion above. A nucleotide pool cleansing pathway exists to prevent these triphosphates from interfering with polymerase extension [163] . Evaluation of the ability for polymerases to accept oxidized triphosphates have found they prefer canonical nucleotides by > 10,000-fold. For example, pol γ inserts dGTP~10,000-fold more than dOGTP [164] ; however, when dOGTP is incorporated it is only opposite the expected A or C nucleotides, identical to studies looking at OG in template strands. Similarly, Klenow Fragment lacking 3′→5′ exonuclease activity favors dGTP insertion by~64,000-fold and~185,000-fold more than (S)-dSpTP and (R)-dSpTP, respectively [165] . However, in the dSpTP studies, the researchers only observed insertion opposite C nucleotides that is inconsistent with polymerase bypass of Sp diastereomers in a template strand, in which dATP or dCTP are inserted opposite the lesion site [157] . This curious inconsistency may result from impure samples because the dSpTP studied was synthesized from dGTP that would easily insert opposite C in a template strand. When the selectivity for the lesion triphosphate is > 100,000-fold less than dGTP a miniscule amount of starting material would impact the results. Studies with d2IhTP have yet to be conducted.
Three Neil DNA glycosylases in BER remove hydantoin substrates from DNA
The BER pathway has primarily evolved to remove damaged nucleotides from the genome to evade mutations at these sites [44, 166] . Initiation of BER occurs with a DNA glycosylase catalyzing cleavage of the glycosidic bond to remove the damaged base from DNA (Fig. 3A) . Each glycosylase can then either release the abasic site (AP) product for further downstream processing by the phosphodiesterase apurinic/apyrimidinic endonuclease (APE1), or further process the AP by catalyzing elimination of a phosphate ester group (Fig. 3A) . The former are considered monofunctional enzymes. In the latter case, the glycosylase has a lyase function to cause β or β,δ elimination of the sugar to yield a strand break and is said to be bifunctional. Those bifunctional glycosylases that only induce β elimination of the sugar fragment require APE1 to finish the process, while enzymes that catalyze β,δ elimination do not require APE1, and instead use polynucleotide kinase (PNK) to finish processing the damaged site. Next, polymerase β (POLβ) inserts the correct nucleotide followed by ligation via LIGIII of the nicked strand to complete the repair process (Fig. 3A) . POLβ also has lyase capabilities to aid in removal of sugar fragments to yield a nicked site for its polymerase activity. When OG is in the genome, it is removed by members of the GO repair system that has been the topic of reviews by David [166, 167] and Wallace [44, 168] , and many more in this special issue. When Sp and Gh are present in DNA they are predominantly extracted by endonuclease VIII (Nei) in bacteria and endonuclease VIII-like 1 (Neil1), Neil2, or Neil3 in mammalian cells, and the NEIL1, NEIL2, or NEIL3 homologs in humans (NEIL1 has been referred to as hNEIL1 in the literature). During establishment of the nomenclature of the Neils, they have been referred to as hFPG [169] , hNEI [170] , and NEH1 [171] , ultimately the name NEIL (Nei-Like) was suggested by the Human Genome Organization. NEIL1 and 2 are bifunctional glycosylases with β,δ elimination activity through the action of an N-terminal proline [169, [171] [172] [173] , and NEIL3 is mainly a monofunctional glycosylase via an N-terminal valine residue [174, 175] . The remainder of this review will focus on DNA glycosylases of the BER pathway processing the hydantoin substrates Sp or Gh and the single report on 2Ih in many different structural contexts.
The Wallace laboratory first identified E. coli Nei (EcoNei) [176] and found this protein to have sequence and structural similarity to formamidopyrimidine DNA glycosylase (Fpg) that was discovered in Tomas Lindahl's laboratory [177] . After sequencing of the human genome was completed, in silico analysis allowed the Wallace, Mitra, and Seeberg laboratories to identify, clone, and initially characterize three Fpg/Nei homologs in humans [169] [170] [171] 178] . Mouse, plant, fungal, and mimiviral Neil homologs have also been identified and characterized [172, 173, 179] . X-Ray crystal structures for EcoNei [180] , NEIL1 [181, 182] , a viral NEIL1 ortholog [179] , mouse Neil3 [183] , and a viral ortholog of NEIL2/3 [184] have been determined. At present, a structure for NEIL2 or an ortholog of this protein has yet to be solved. Detailed reviews on the structures of the Neil glycosylases by Wallace, Doublié, and coworkers exist and should be consulted for structural insights into these glycosylases [168, 185, 186] .
In an attempt for completeness, recent studies have found Sp and Gh are also substrates for NER. This was reported by our laboratory in collaboration with the David laboratory utilizing the NER complex UvrABC found in bacteria [45] . Additionally, Shafirovich, Geacintov, and coworkers found Sp and Gh were good substrates for mammalian NER [42] . The details of these results will not be further discussed in this review.
The hydantoins are substrates for EcFpg, EcNei, and NEIL1
The story of hydantoins as substrates for BER started with a report by our laboratory in collaboration with the David laboratory in 2000 [187] . The initial study used an 18-mer duplex in which Sp or Gh were recognized and cleaved by the bifunctional DNA glycosylase E. coli Fpg (EcFpg). EcFpg utilizes an N-terminal proline to catalyze base removal and β,δ-elimination reactions to yield a strand break. This work led to a follow-up paper with greater details about the repair process in a 30-mer duplex leading to many key observations [188] . Diastereomeric mixtures of each hydantoin were studied opposite all four canonical nucleotides to determine whether Sp or Gh were removed by EcFpg as efficiently as the signature substrate OG:C. When Sp or Gh were base paired with A they were operated on by EcFpg more efficiently than an OG:C base pair, and when the hydantoins were opposite C, T, or G they were nearly as good substrates as OG:C. One key point in comparisons between the 18-mer and 30-mer duplex studies is that the duplex length is critical to capturing a true snapshot of the removal kinetics for highly disruptive lesions like the hydantoins in dsDNA. The longer duplexes provided a better context for glycosylase binding and catalysis of lesion removal. In a recent study from our laboratory, we found that EcFpg could catalyze excision of each diastereomer of 2Ih opposite A, C, T, or G in a 15-mer duplex with~50% of the efficiency of removal of Sp from the same duplex [154] . Moreover, the removal efficiency showed little bias for the R or S stereochemistry of 2Ih. A 15-mer strand was studied because synthesis of the 2Ih diastereomers was only achievable in this short system. These results demonstrate that the hydantoins Sp, Gh, and 2Ih are all substrates for EcFpg and pave the way for analysis with EcNei and the NEILs.
In 2001, our laboratory in collaboration with the Mitra laboratory demonstrated that the Sp and Gh diastereomers were substrates for EcoNei [189] . EcoNei catalyzes hydrolysis of the glycosidic bond and β,δ-elimination of the sugar via an N-terminal proline as for EcFpg. The enzymatic analysis was conducted with mixtures of the Sp or Gh diastereomers opposite A, C, or G in an 18-mer duplex context. For Sp or Gh, the best kinetic rate removal by EcoNei was observed when the hydantoins were base paired with G. This concept was then extended by the Sugden laboratory to the mouse Neil1 and Neil2 glycosylases removing the hydantoins [190] . They found Neil1 was catalytically competent on Sp or Gh in ssDNA and dsDNA. Further, Neil1 cleaved Sp when it was base paired with any of the four canonical nucleotides. Neil2 processed Sp and Gh in ssDNA while the activity in dsDNA was only observed on Sp substrates, and this will be further discussed below. Prior to these studies, EcoNei, NEIL1, and NEIL2 were only thought to function on oxidized pyrimidines such as thymine glycol (Tg), 5-hydroxy-2′-deoxyuridine (5-HOU), 5-hydroxy-2′-deoxycytidine (5-HOC), 5,6-dihydro-2′-deoxyuridine (DHU), 5,6-dihydro-2′-deoxythymidine (DHT), as well as the purine lesions Fapy-G and 4,6-diamino-5-formamidopyrimidine (Fapy-A), and lastly with very poor activity on the OG:C or OG:A base pairs [169, 171, 173, 176, 191] . The wide substrate scope observed for EcNei, NEIL1, and NEIL2 led to questions concerning which substrates are the best. The oxidized pyrimidines were already established to be repaired by endonuclease III (i.e., Nth) in bacteria or its homolog NTH1 in humans [168] , and OG is repaired by the elaborate GO repair system [44, 167] . Thus, questions of why such an overlap in substrates of repair by these BER DNA glycosylases began to emerge.
An approach to find the best substrates for the NEILs is to conduct detailed kinetic analysis for identification of those that are acted upon with the best rates. Such studies were conducted in our laboratory in collaboration with the David laboratory, the Dalhus laboratory, and the Ide laboratory for NEIL1 [154, [192] [193] [194] . To date, extensive kinetic analysis for NEIL2 or NEIL3 vs. substrate identity has yet to be reported. Before discussing the results, four points must be made. (1) The data presented in Fig. 3B are all relative to the repair rate for Tg:A (5R diastereomer of Tg), a substrate analyzed in most studies except the one with 2Ih from our laboratory. The 2Ih study made a comparison to Sp allowing a comparison into the rest of the data. This comparison minimizes inter-laboratory bias based on differing reaction conditions. (2) When the Sp diastereomers were originally studied, the absolute configuration for each was still in question [59, 60] , and therefore, they were referred to as Sp1 and Sp2 in the original publications. At present, we know that in oligomers Sp1=(S)−Sp and Sp2=(R)−Sp [57] , and therefore, the individual Sp diastereomers will be referred to by their absolute configurations in the present discussion. (3) The Gh diastereomers readily interconvert [33] , and they are consequently studied as a mixture. (4) The initial results are all with respect to the edited form of NEIL1 [195] , a topic discussed later.
The relative kinetic rate comparison for NEIL1 acting on the following substrates was made: (R) [154, [192] [193] [194] . Inspection of the relative kinetic rate comparisons immediately identifies the hydantoin diastereomers Sp, Gh, and 2Ih as the most preferred substrates for edited NEIL1 (Fig. 3B) . NEIL1 favors the Sp diastereomers by > 100-fold and Gh or 2Ih by > 80-fold over the lesions Tg:A, AP:A, meFapyG:C, DHT:A, and OG:C (Fig. 3B) . NEIL1 even favors Sp, Gh, and 2Ih over the 5-hydroxypyrimidines, 5-HOU and 5-HOC, by~1.5-to 4-fold. The 5-hydroxypyrimidines were the first discovered NEIL1 substrates [169, 173, 178] , followed later by studies of the hydantoins from G oxidation [154, 190, 192, 196] . The relative repair rate for meFapyG:C in dsDNA is~150-fold less efficient than the Sp diastereomers base paired with C, supporting the favorability of NEIL1 for recognition of the hydantoins (Fig. 3B) .
Next, the base pairing impact for NEIL1 reaction on (R)-Sp, (S)-Sp, and Gh was studied and a strong base pair dependency in the rates was found (Fig. 3C) . For the Sp diastereomers, the base pair dependency decreased from T > G > C > A, and for Gh the rate decreased from T > G > A~C, a result consistent with the report from Sugden's laboratory [190] . The comparisons of Sp or Gh vs. other lesions were made with C opposite the lesion that is kinetically slower; comparisons to G opposite would have led to an even larger relative favorability for NEIL1 acting upon the hydantoins.
The studies in the Burrows/David collaboration also looked into the impact Sp stereochemistry has on the reaction rate and found the S diastereomer was preferred for removal by NEIL1 (Fig. 3B and C ) [192] . Interestingly, this experimental observation was supported by a previous computational prediction by the Broyde laboratory [197] . In their calculations, (S)-Sp provided better hydrogen bonding contacts with NEIL1 via methionine 80, an interaction that was found to be repulsive for (R)-Sp leading to an enlargement of the binding site. These observations provide a fascinating case study in which the stereochemical dependency in an enzymatic reaction was readily predicted by computational modeling.
The coding potential of mRNA can change via RNA editing to modify nucleotides in the sequence [198] . One mechanism for RNA editing is via the actions of adenosine deaminases acting on RNA (ADAR) for conversion of an A to I (inosine) nucleotide [199] . An intriguing observation by the David and Beal laboratories was that NEIL1 undergoes editing at the 242nd codon [195] . The genomic, or unedited, sequence for this codon is AAA and codes for a lysine, while the AIA edited sequence codes for an arginine. This led the team to study the repair kinetics as a function of editing state to identify a profound change in the repair rates for Sp, Gh, and Tg [195] . The unedited version of NEIL1 shows a much stronger preference for Tg:G (~30x) that was not observed in the edited version of the previous studies (Fig. 3B) . In the case of Gh or Sp, the unedited version of NEIL1 showed decreased activity compared to the edited version by 0.4 and 0.5 (ratio=unedited/edited), respectively. When the unedited NEIL1 rates were compared relative to Tg:G, the hydantoins (S)-Sp:G and Gh:G were kinetically favored by~1.5-fold ( Fig. 3B inset) ; this is in contrast to the > 80-fold favorability of the hydantoins for edited NEIL1. A recent x-ray crystal structure of a Tg-containing DNA housed inside the active site of edited vs. unedited NEIL1 found interactions between the lysine or arginine at position 242 and Tg [182] . This observation verifies that the editing state of NEIL1 can impact recognition of Tg, and whether this also impacts NEIL1 interactions with Sp or Gh remains an open question. Lastly, in the work of Beal and David they discuss that ADAR expression leading to RNA editing is stimulated by a pathway upregulated during inflammatory stress [195] . This suggests the possibility that cellular stress induces RNA editing of the hNEIL1 mRNA to tailor the substrate preference for the protein.
Hydantoins could exist in many different contexts in the genome. Evidence in the literature supports the idea that hydantoins in template strands are extruded during polymerase bypass leading to frameshift mutations [192] . These mutation types could result in Sp or Gh to exist in a bulge structure. As stated above, G4 contexts are highly susceptible to oxidation yielding Sp. Lastly, during transcription or replication a bubble structure is formed in which Sp or Gh might stop polymerase progression and need to be repaired (i.e., transcription-coupled or replication-coupled repair) [166, 168] . Therefore, Sp and Gh have a high potential to exist in contexts within the genome other than dsDNA. Moreover, NEIL1 and NEIL2 were recognized early on to bind and remove damaged nucleotides in contexts other than dsDNA [172, 200] . The context dependency of NEIL1 removal of each Sp diastereomer and Gh was evaluated in ssDNA, bulge DNA, bubble DNA, and the human telomere G4 (G4 hTelo) by our laboratory in collaboration with the David and Wallace laboratories [196, 201, 202] . The kinetic rate data for the Sp diastereomers and Gh in each context studied are plotted relative to the rates observed in ssDNA (Fig. 3D) . Also, the hydantoins were studied in many positions within the G4 hTelo context; the data currently discussed are within the sequence 5′-TAGGGTTAGXGTTAGGGTTAGGGTT-3′, in which X=(S)−Sp, (R)-Sp, or Gh in solutions containing KCl [201] .
The context-dependent comparison of NEIL1 repair of the Sp isomers and Gh demonstrates these hydantoins are favorably repaired in dsDNA and the G4 hTelo sequence (Fig. 3D) . Furthermore, NEIL1 glycosylase repair rates for Sp and Gh in dsDNA and the G4 hTelo sequence are > 400-fold more efficient than repair initiation in ssDNA. Hydantoin removal by hNEIL1 in the bulge and bubble structures is similar to ssDNA with the exception of Gh in the bubble structure (Fig. 3D, 87x more efficient than the ssDNA context). Thus, NEIL1 may have evolved to operate on its superior substrates, Sp and Gh, in dsDNA and G4 DNA contexts (Fig. 3B and D) .
Because NEIL1 cleaves lesions from hTelo G4 sequences, we then wondered if NEIL1 was operational on other G4s such as those found in gene promoters. The vascular endothelial growth factor-A (VEGF) promoter G4 was selected as a case study [201] . The VEGF G4 sequence is comprised of five G runs, in which the four runs on the 5′ end of the sequence were demonstrated to adopt a parallel-stranded G4 [203] . When Gh was synthesized at a site occupying a loop position or a core position in the four G-track sequence and folded in KCl, NEIL1 was not capable of initiating removal of Gh. This led us to incorporate the 5th G run and repeat the repair assay, and to our surprise, NEIL1 efficiently removed Gh from the 5-track VEGF sequence [113] . We determined when 5 G-runs are present, the damage-containing segment can be extruded and replaced by the fifth track to establish a G4 fold with a long loop that is acted upon by NEIL1 (Fig. 4) . Therefore, the plasticity of G4 motifs provides a structure switching mechanism to regulate NEIL1 activity and possibly substrate recognition and binding as well.
The hydantions are substrates for NEIL2 and NEIL3
Early on it was recognized that NEIL2 was operational on 5-HOC in ssDNA and bubble DNA [200] , which was followed by the observation of NEIL2 processing Gh and Sp in ssDNA [190] . More recently, NEIL2 was shown to be ineffective at removing the Sp isomers or Gh from the hTelo G4 in comparison to NEIL1 and NEIL3 [201] . In contrast, NEIL2 provided similar reactivity toward Gh in the five G track VEGF sequence when compared to NEIL1, in which Gh was extruded into a large loop to maintain G4 folding (Fig. 4) [113] . This final observation is consistent with NEIL2 favorably removing lesions from ssDNA or large bubble DNA structures [190, 200] . Detailed kinetic analysis for NEIL2 acting on Sp and Gh has not been achieved, preventing comparisons as was provided for NEIL1 above. Kinetic studies for NEIL2 operating on Tg:A, fU, hmU, urea, 5-HOU, 5-HOC, OG, and meFapyG were conducted and the enzyme was found to be generally much slower than NEIL1 when acting on the same substrates in the same contexts [194] .
Expression and purification of functional NEIL3 was the most challenging of the NEILs [175] . The Wallace laboratory first demonstrated the mouse ortholog of NEIL3, MmuNeil3, was a functional glycosylase [204] . Additionally, MmuNeil3 is a large glycosylase when expressed in the wild-type state (606 amino acids) and is prone to aggregation, leading to the construction of a truncated mutant of MmuNeil3 (MmuNeil3Δ324) possessing the glycosylase domain. In their studies, MmuNeil3 and MmuNeil3Δ324 were tested on Tg, OG, 5-HOU, 5-HOC, DHT, DHU, Sp, Gh, meFapyG, and AP substrates in ssDNA and dsDNA contexts (Fig. 5A and B) . The main conclusions were that MmuNeil3 and MmuNeil3Δ324 were much more active on lesions in ssDNA than in dsDNA. In ssDNA and dsDNA, diastereomeric mixtures of Sp and Gh were found to be the best substrates out of all lesions tested. The hydantoins were found to be even better substrates than meFapyG (Fig. 5A) . A recent X-ray crystal structure by the Doublié laboratory explains why MmuNeil3 favors ssDNA substrates [183] . In the structure, MmuNeil3 lacks two of the three void-filling residues responsible for binding the complementary strand, and it also harbors negatively charged residues causing an electrostatic repulsion of the complementary strand. A second distinct characteristic of MmuNeil3/ NEIL3 is that the active site nucleophile is an N-terminal valine (Val-2), in contrast to the N-terminal proline (Pro-2) functioning as the active site nucleophile in EcFpg, NEIL1, and NEIL2. These differences help address why MmuNeil3/NEIL3 is mainly a monofunctional glycosylase with poor lyase activity with favorable activity on ssDNA [174, 175] .
The observation that NEIL3 prefers substrates in ssDNA over dsDNA contexts led to questions of whether this glycosylase could function in Fig. 4 . NEIL initiated repair in the VEGF G4 requires the 5th G track to allow a structural transition to a repair-competent fold. [204] other contexts, such as G4-DNA. To address this question, the hydantoins were synthesized in hTelo G4 sequences and subjected to NEIL3 repair [201, 202] . When the hTelo sequences were studied in KCl solutions with the individual Sp diastereomers or Gh, it was found that NEIL3 was quite proficient at removing hydantoins in G4-DNA relative to dsDNA [201] . The stereochemistry of Sp did not impact the reaction kinetics in G4-DNA, as was observed for NEIL1. In a set of positiondependent studies in the hTelo G4 context, the lesion location was found to be the major factor impacting the reaction rate. Next, NEIL3 activity on promoter G4s was evaluated in the VEGF promoter G4 to find nearly identical results as observed with NEIL1 and NEIL2 (Fig. 4 ) [113] . When repair was attempted in the 4-track VEGF G4 no reaction was observed; in contrast, when the 5-track VEGF G4 was studied, Gh was efficiently removed (Fig. 4) . The dynamics of the G4 provided by the 5th G run regulates NEIL3 activity and may serve additional cellular functions. In summary, NEIL3 is mainly a monofunctional glycosylase that acts on hydantoins in ssDNA and G4-DNA; however, in G4-DNA the lesion needs to be a located in a relatively large loop. A recent publication found NEIL3 can repair DNA interstrand cross-links; thus, expanding the possible roles NEIL3 has in cells [205] .
The biology of the NEILs and hydantoins
The NEIL glycosylases were found to possess distinct properties with respect to substrate selection and the impact of reaction context on their activity. For instance, NEIL1 readily removes Sp and Gh from dsDNA and all G4-DNA contexts, NEIL2 has a preference for Sp and Gh in ssDNA and promoter G4s, and NEIL3 operates on Sp and Gh in ssDNA and all G4-DNA contexts (Fig. 5C ). In cells where would NEIL activity on these hydantoins and each context be utilized?
The glycosylase NEIL1 has strong cell cycle dependency; its expression peaks during the S phase [171] , and it is found widely distributed in many cell types [206] and mitochondria [207] . Further, NEIL1 was shown to interact during replication with the proteins proliferating cell nuclear antigen (PCNA) [208] , replication protein A (RPA) [209] , flap endonuclease 1 (FEN1) [210] , and Werner syndrome protein (WRN) (Fig. 5C ) [211] . Additional NEIL1 interactions occur with the DNA repair proteins PNK, POLβ, XRCC1, and LIGIII [212] , via the C-terminal domain (Fig. 5C ) [213] . Furthermore, NEIL1 deficiency slows replication fork progression in oxidatively stressed cells [214] . These observations support NEIL1 acting as a "cowcatcher" to identify DNA damage and initiate repair in front of the DNA replication complex conducting replication-coupled BER repair (Fig. 5C) .
A surprising interaction is one with WRN helicase that preferentially unravels G4s, especially those in gene promoters and the first intron [215, 216] . Potentially, NEIL1 may function with WRN for repair of Sp or Gh with a preference for G4 DNA. Additionally, WRN and FEN1 have both been demonstrated to localize to telomeric regions [217, 218] , which may recruit NEIL1 to the telomeres for maintenance during oxidative stress. These possible roles for NEIL1 to repair Sp and Gh in Grich regions, such as G4s in telomeres and gene promoters, are anticipated to position NEIL1 for removal of G oxidation products at sites possibly most prone to oxidation.
Stimulation of NEIL1 occurs by the 9-1-1 complex [219] , WRN [220] , and Y-box protein 1 (YB-1) (Fig. 5C ) [221] , while NEIL1 stimulates the activity of OGG1 on DNA containing OG [222] . These proteins activate transcription or the stress response, leading to the possibility that NEIL1 plays a more important role in the cell beyond removal of damaged bases. One possibility is that NEIL1 guides the efforts of stimulating proteins to alter protein expression levels during oxidative stress. Moreover, whether the NEIL1 mRNA has been edited or not impacts the affinity of the NEIL1 protein for DNA damage substrates that will provide another layer of control. Future cell studies will aid in understanding if NEIL1 has a signaling function in cells.
For NEIL2, its expression levels are independent of cell cycle [178] , and it is distributed throughout many cell types, as well as being present in mitochondria [223] . Protein-protein interactions with NEIL2 have been identified with RNA pol II and the transcriptional regulator heterogeneous nuclear ribonucleoprotein-U (hnRNP-U) [224] . So far, YB-1 is the only protein recognized to stimulate NEIL2 glycosylase activity (Fig. 5C) [225] . Moreover, NEIL2 knocked out cells accumulated more DNA damage in active compared to silent genes [224] . These observations have led to the conclusion that NEIL2 is involved in transcription-coupled BER (Fig. 5C ). During transcription NEIL2 can actively repair Sp and Gh in ssDNA and promoter G4-DNA contexts.
The biology of NEIL3 has been reviewed by Wallace and coworkers [185] , and the present discussion will focus on possible genomic contexts and roles that Sp and Gh could have when recognized by NEIL3. Expression of NEIL3 is highly dependent on cell type, and so far, it has not been observed in the mitochondria. NEIL3 has been detected in human thymus and testis [169, 226] , and mouse Neil3 has also been additionally observed in the spleen, bone marrow, and the brain, and its expression levels vary as a function of development, particularly in the brain [227] . NEIL3 is overexpressed in malignant melanomas [227] . NEIL3 is also a required host factor for HIV replication [228] . Further, Neil3 was found to promote neurogenesis induced by hypoxia-ischemia [229] , to regulate lipid metabolism preventing atherosclerosis [230] , and to function during development prior to implantation [227] . Knockdown of Neil3 and Ogg1 in mice decreases embryonic neural stem cell differentiation [231] . The expression of NEIL3 is induced during S phase by the Ras-dependent ERK-MAP kinase pathway and peaks during G2 phase, and expression can be repressed by the DREAM complex (Fig. 5C) [232] . The only established protein interaction to NEIL3 is with RPA (Fig. 5C ) [169] . Lastly, Neil3-deficient mice do not present with a phenotype indicative of genome instability [229] . These observations paint a very broad and poorly defined mechanism by which NEIL3 is functional in cells, but it does appear to be involved in cellular regulation, particularly in proliferating cells.
The biochemical studies described above found that NEIL3 accepts Sp and Gh as the best possible substrates in ssDNA, G4-DNA in telomeres, and G4-DNA in promoters, while it has very poor affinity for lesions in dsDNA contexts (Fig. 5C ). One possibility is that NEIL3 is involved in replication-coupled repair, consistent with induction during S phase and interacting with RPA (Fig. 5C) , although a role in replication-coupled repair does not fit with the observations of NEIL3 functioning in cell cycle processes. Therefore, we have proposed in tandem with the Wallace laboratory that NEIL3 may function as a transcriptional regulator when binding to DNA lesions in promoter Gquadruplexes [113, 202] . Many examples of genes regulated by promoter G4s have been observed [41] , visualization of G4s is maximal in cells during S phase (i.e., during replication) [233] , and this is a stage when DNA is most susceptible to oxidation at G nucleotides, particularly in G4s. Interestingly, HIV replication is associated with G4 formation and facilitated by oxidative stress [234] . Thus, oxidation of a promoter G4 induces G oxidation and in the case of four G-track G4s NEIL3 does not operate as demonstrated with the VEGF 4-track promoter sequence. However, if its 5th domain is present a structural switch occurs allowing NEIL3 to bind and initiate lesion removal (Fig. 3E) . The concept of coupling BER and gene induction has recently emerged in other systems [235] . Utilization of NEIL3 as a "transcription factor" for recognition of the oxidative modifications Sp or Gh to induce gene induction ascribes a regulatory function to NEIL3 and the hydantoins (Fig. 5C ). Is it possible that Sp or Gh are epigenetic-like DNA modifications and NEIL3 is the reader protein to alter cellular phenotype? This mechanism would begin to address why NEIL3 does not fit the mold of a traditional BER glycosylase. Future studies will aid in addressing these questions.
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